Cells of Staphylococcus aureus MF-31 which have been heat-injured at 52 C have an altered metabolic activity. Analyses of whole-cell preparations by means of the Thunberg technique and Warburg manometry showed decreased dehydrogenase activity and oxygen uptake on a variety of substrates. In cell-free extracts prepared from injured cells, it was demonstrated that the specific activity of fructose diphosphate aldolase, lactate dehydrogenase, and butanediol dehydrogenase was less than that of extracts prepared from normal unheated cells. Recovery of the heat-injured cells in a suitable medium supported a return of the dehydrogenase activity and oxygen uptake, but the activity of the enzymes in cell-free extracts prepared from such partially recovered cells did not fully return to the level of normal (unheated) preparations. Addition of chloramphenicol or actinomycin D to the recovery medium, singly or in combination, retarded the return of the normal metabolic activity. Radiorespirometric experiments indicated that the percentage participation of the Embden-Meyerhoff Parnas and hexose monophosphate pathways remained the same for normal and heat-injured cells. The sublethal heat treatment decreased the catabolic capabilities of S. aureus and the production of selected end products associated with the metabolism of glucose.
In recent studies on the effects of sublethal heating of Staphylococcus aureus MF-31, it was demonstrated that a number of the normal characteristics of the organism were lost. The changes noted were (i) increased sensitivity to salt (NaCI; 14, 33) , (ii) increased lag period upon inoculation of a heated suspension into Trypticase Soy Broth (4), (iii) leakage of intracellular materials (amino acids, material absorbing at 260 nm, proteins, and K+; 2, 9, 14), and (iv) the heatinduced degradation of ribosomal ribonucleic acid (rRNA; 31). Inoculation of the heat-injured suspension into a suitable recovery medium supported the return of the normal characteristics. During the recovery period, an extended lag phase was encountered which lasted until the injured cells had repaired the thermal lesions. The events occurring during recovery were the return of salt tolerance, which was interpreted as being synonymous with repair of the cytoplasmic membrane (14) , and regeneration of the heat-induced degraded rRNA (31) . The recovered cells were competent in resynthesizing and reconcentrat-I This report is from a dissertation submitted by the senior author in partial fulfillment of the requirements for the Ph.D. degree in Food Science. 2 Present address: Biosynthesis Laboratory, Miles Laboratory, Inc., Elkhart, Ind. 46514.
ing the heat-degraded materials, and the recovered cells reproduced at the same rate as a normal (unheated) preparation (4) .
Through use of the appropriate inhibitors, the recovery process was found to be independent of cell wall, cell wall mucopeptide, and protein synthesis, but actinomycin D, an inhibitor of RNA synthesis, completely stopped recovery as measured by the return of salt tolerance (14, 33) .
During the recovery period of "biological rejuvenescence," the catabolic and anabolic processes of S. aureus were directed to repair of the thermal lesions which, when completed, would permit the cells to function in a normal manner. The present study had a twofold purpose: (i) to determine what effect sublethal heating had on the catabolic processes of S. aureus, and (ii) to determine to what extent the catabolic processes are repaired during the recovery period and the effect of selected inhibitors on the overall recovery processes. VOL. 97, 1969 EFFECT OF SUBLETHAL 12,100 X g for 10 min at 0 to 2 C. The spent medium was decanted, and the cell pellet was washed twice with cold 0.1 M potassium phosphate buffer (pH 7.2). The cells were suspended in 10 ml of 0.1 M phosphate buffer, and this preparation was added to 190 ml of 0.1 M phosphate buffer (pH 7.2) pretempered at 52 C. The mixture was heated for 15 min in a thermal death time vessel under constant agitation (12) . At the termination of the heating period, the heat-injured cells were harvested by centrifugation at 12,100 X g for 10 min (0 to 2 C). Cells that had not been heated were also centrifuged, and the washed pellet was used as representative of normal (unheated) cells.
Assay procedures. Assays were performed to determine the effect of heating on the metabolic processes of S. aureus, and the results were compared with those obtained with normal (unheated) preparations. For Warburg manometry, each flask contained, in a total volume of 3.0 ml: 1 ml of 0.1 M phosphate buffer (pH 7.2), 0.5 ml of appropriate substrate (10 Amoles/flask), 1.0 ml of concentrated cell suspension [ca. 16 mg (dry weight)/ml], 0.4 ml of water, and 0.1 ml of 20% KOH in center well (35) . The data were corrected for endogenous respiration and expressed as micromoles Of 02 consumed per hour at 37 C. For Thunberg analyses, the reaction vessels contained the following: 1 ml of 2.67 X 10-4 M methylene blue, 2.0 ml of 0.1 M phosphate buffer (pH 7.2), 1 ml of filter-sterilized substrate (0.1 M), and 0.5 ml of a cell suspension in 0.1 M phosphate buffer at an optical density of 0.446 at 600 nm (35) .
In this system, a test tube and syringe apparatus similar in design to that of Palumbo, Berry, and Witter (26) Recovery method. After heat injury of a suspension of cells, the pellet comprised of injured cells was suspended in 10 ml of cold 0.1 M phosphate buffer. The 10-ml suspension was inoculated into 190 ml of the recovery medium according to the method of landolo and Ordal (14) . The two media used were Trypticase Soy Broth (BBL) and a chemically defined medium (14) . Recovery was carried out at 37 C on a rotary shaker for predetermined periods of time as noted in the Results section. If inhibitors were added to the recovery medium, the concentrations were 100 pg/ml for chloramphenicol and 5 ,ug/ml for actinomycin D. The recovered cells were collected by centrifugation at 12,100 X g for 10 min. The pellet was washed once in cold 0.1 M phosphate buffer and resuspended in the appropriate volume of cold phosphate buffer.
Heat treatment of cell-free extracts. Normal extract was dispensed in 3-ml amounts into test tubes (18 X 150 mm) pretempered for 1 hr in a polythermostat (26) set to have a temperature range from 29.4 to 65.2 C. After the extract had been incubated for predetermined periods of time (5, 10, or 15 min), the tubes were cooled in an ice bath. The samples were then centrifuged at 12,100 X g for 10 min. Protein determinations and selected enzyme assays were run on the supernatant fluid and on the pellet. The pellets had no detectable enzymatic activity. The enthalpy (AH), free energy (AF), and entropy (AS) were calculated by use of the formulas of Wood (39) , Stearn (32) 2.5 .c of label), and 4.0 ml of phosphate buffer (pH 7.2). Air was used to sparge the flasks at a flow rate of ca. 50 ml/min. The respirometers were placed in an Aminco Warburg bath at 37 C. During the 20-min interval of sampling, the 14CO2 was trapped in 10 ml of 0.5 M hyamine hydroxide in absolute methanol. At the end of each time interval, the trap-BLUHM AND ORDAL ping solution was drained, and the volume was brought back to 10 ml with absolute methanol.
A 1-ml portion of each sample was added to 15 ml of scintillation fluid composed of 5 g of 2,5-diphenyloxazole (PPO) and 0.3 g of 1 ,4-bis-2-(4 methyl-5-phenyloxazolyl)-benzene (dimethylPOPOP) per liter of toluene. At the termination of the experiment, a 1-ml sample from each flask was added to 15 ml of scintillation fluid composed of 7 g of PPO, 0.3 g of dimethyl POPOP, and 100 g of napthalene per liter of dioxane. The remaining contents of the flask were centrifuged, and 1 ml of the supernatant liquid was added to the second scintillation fluid. The estimation of pathway participation was calculated by use of the formulas of Wang et al. (37) .
Counting was performed with a Tri-Carb liquid scintillation spectrometer (model 314-EX, Packard Instrument Co., Inc., Downers Grove, Ill). The specifically labeled substrates (glucose labeled in the 1, 2, 3-4, or 6 position) were obtained from New England Nuclear Corp., Boston, Mass.
Chemical analyses. The following additional analyses were performed: protein (21), glucose (24) , lactic acid (4) , acetoin and diacetyl (38) , and butanediol (23 (14, 31) . When actinomycin D or chloramphenicol was added to the recovery medium ( Fig. 2) , the cells regained their ability to reduce methylene blue more slowly than in Trypticase Soy Broth without the inhibitors (Fig. 1) . However, the recovery of dehydrogenase activity still took place in the presence of inhibitors. In the recovery experiments of landolo and Ordal (14) , chloramphenicol had no effect but actinomycin D completely inhibited the overall recovery process as measured by the return of salt tolerance.
Manometry measurements. For all substrates employed, the ability to utilize oxygen was less for the heat-injured cells than for normal cells (Table 2) . With two compounds, ribose and succinate, oxygen uptake ceasedcompletely. When the heat-injured cells were inoculated into Trypticase Soy Broth and allowed to recover for mycin D and chloramphenicol, singly or in combination, in the recovery medium (Table 3 ). In the case of glucose, the inhibitors had a negligible effect in suppressing the return of oxygen uptake, as compared with a normal cell preparation. The return of the ability to consume oxygen when lactate was used as the substrate occurred to a lesser degree than with glucose. When recovery medium containing no inhibitors was used, the ability to consume oxygen returned to a level approaching that of normal cells with lactate as substrate; with glucose as the substrate, the rate achieved by the recovered cells was greater than that of the normal control preparation.
Cell-free extract studies. Cell-free extracts were 5 10 15 20 analyzed to provide a comparison of specific TIME (minutes) activities of heat-injured and normal (unheated) 2 . Rates ofmethylene blue reduction on glucose preparations (Table 4 ). The effect of heat treatat-injured cells recovered in Trypticase Soy ment on the enzymes was grouped as follows: containing chloramphenicol or actinomycin D. those enzymes where no changes in the specific eols: 0, normal cells; 0, zero time injured; A activities were noted (hexokinase, phospho-?red for 0.5 hr, +100 ,.g of chloramphenicol per fructokinase, phosphoglycerate phosphomutase, I, recoveredfor 0.5 hr, +5 j&g of actinomycin D pyruvate kinase, and glucose-6-phosphate del; A, recovered for 1.0 hr, +100 ,pg of chloram-hydrogenase), those enzymes for which specific col per ml; El, recovered for 1.0 hr, +5 pg of activities of the preparations from heat-injured mycin D per ml; A, recovered for 2.0 hr, +100 chloramphenicol per ml; *, recovered for 2.0 cells were greater than those of a normal un-5 ,ug of actinomycin D per ml. heated preparation (triosephosphate isomerase, Fructose diphosphate aldolase and lactate dehydrogenase were chosen for further study. A heat-injured preparation was inoculated into Trypticase Soy Broth, and the rate of return of the activity during the recovery process was observed (Table 5 ). At the designated times of recovery, a suitable sample (150 ml) was taken from the recovery medium and assayed. For both enzymes, there was a return of activity toward the level determined for a normal (unheated) preparation, but at the end of 3 hr of incubation the level attained was never equal to that of the normal cell-free extract specific activity. Tables 4  and 5 show that the activity for fructose diphosphate aldolase decreased from 37.6 to 42.3%, and for lactate dehydrogenase the decrease ranged from 84.5 to 87.2%. After 3 hr of incubation in Trypticase Soy Broth, the aldolase activity recovered to 75% of its normal rate, and lactate dehydrogenase recovered to 51 % of its normal rate.
Incorporation of the inhibitors actinomycin D (5 pg/ml) and chloramphenicol (100 ,Ag/ml) in the recovery Trypticase Soy Broth retarded the return of aldolase and lactate dehydrogenase activity ( Table 6 ). The return of activity in Trypticase Soy Broth plus actinomycin D was always greater than that noted in the presence of chlor- (39) . The large positive increases in entropy noted for lactate and butanediol dehydrogenases depict an increase in randomness or reorientation of the structure of the enzyme typical of denaturation by heat (15, 39) . The negative AS value for aldolase suggests that the heat treatment caused an increase in the order of the structure of the enzyme with a subsequent decrease in the activity of the enzyme.
Radiorespirometry, glucose catabolism, and end-product analyses. The data for a normal cell preparation are presented in Fig. 3 cates that glycolysis and subsequent evolution of 4CO2 from the 3,4-labeled glucose is the major pathway for glucose utilization. A similar series of experiments were performed with a heat-injured preparation (Fig. 4) . A comparable pattern for the evolution of "CO2 was obtained for the two cell treatments. The differences noted between the two types of cell preparation were in the respirometric patterns in which the peak interval level of '4CO2 given off by the heat-injured cells Although the cumulative recoveries of 14C in the cells, medium, and '4CO2 were different for normal and heat-injured preparations, the participation of the two pathways remained fairly constant. Therefore, there was no shift in the pathways for the utilization of glucose as a result of the sublethal heat treatment.
To determine the effect of heat injury on metabolism of glucose and production of end products, experiments were designed to measure the rate of utilization of glucose and the production of lactic acid, acetoin plus diacetyl, and butanediol by normal and heat-injured cells inoculated into chemically defined medium (Fig. 5) . The utilization of glucose, as expected, was less for a heatinjured preparation than for the corresponding normal unheated cells (Fig. 5C ). The production of lactic acid and butanediol were greater for normal unheated cells (Fig. SB and SD) . This corroborates the decreased specific activities found for lactate dehydrogenase and butanediol dehydrogenase in the analyses of cell-free extract. If in staphylococci the sequence of conversion is from diacetyl to acetoin to butanediol, the noted decrease in butanediol dehydrogenase activity would cause an increase in the amount of acetoin and diacetyl produced by a heat-injured preparation (Fig. 5C ). In Fig. 5 , the increase in catabolism of glucose and production of end products after 2 hr of incubation in chemically defined medium is commensurate with the recovery of the heatdamaged activity which, when complete, fits the cells for a more efficient rate of metabolic functionality.
DISCUSSION The data present a further characterization of a repairable metabolic injury produced in cells of S. aureus MF-31 by sublethal heating. The Thunberg and Warburg experiments point to an overall suppression of the dehydrogenase activity and oxygen uptake of heat-injured versus normal cell preparations. The respiratory activity is, therefore, a site of heat-induced lesions in S. aureus. Robeson and Morita (28) (10, 25) , the loss of energy via the EMP pathway takes on more importance.
The loss of 80 to 90% of the lactate dehydrogenase activity affects the cells in two ways. The first effect is a decreased utilization of pyruvate, of which a proportion usually goes to form lactic acid (27) . The second effect is a loss of available energy to the cell via a lactic-flavo-oxidase linked to the cytochrome system (25) .
The decreased butanediol dehydrogenase activity of a heat-injured preparation accounts for the odor of diacetyl noted in the recovery medium (Trypticase Soy Broth or chemically defined medium). The heat-injured cells were unable to carry out the reactions from diacetyl to butanediol, with a subsequent accumulation of diacetyl and acetoin in the recovery medium. The decreased activities of the above enzymes lead to a decrease in the catabolism of glucose, energyyielding reactions, and normal end product formation by a heat-injured cell preparation.
The percentage participation of the EMP and HMP pathways in the catabolism of glucose was 88.7% and 11.3%, respectively, for an uninjured cell preparation. The heat-injured preparations had approximately the same percentage pathway participation, indicating that a shift in pathway utilization does not occur because of sublethal heat treatment. The first two enzymes leading into the HMP pathway, glucose-6-phosphate dehydrogenase and phosphogluconate dehydrogenase, had the same specific activities for normal (unheated) and heat-injured preparations, indicating no alterations of the initial steps in the HMP pathway.
When injured cells were incubated in a recovery medium, i.e., Trypticase Soy Broth, a return of enzymatic activity was noted. It was essentially complete after 1 hr for oxygen uptake and 2 hr for dehydrogenase activity. The return of the above characteristics precedes the full return of salt tolerance, which was complete after 3 to 4 hr of incubation (14) . Analyses of cell-free extracts prepared from recovered cells demonstrated that there was a return of the enzymatic activity toward the levels determined for a normal cell preparation, but at the end of 3 hr of incubation the level attained never equaled that for uninjured cells. The injured cells are in a state of metabolic imbalance after the heat treatment. This is repaired during incubation in a suitable recovery medium. (36) .
The loss of soluble protein observed in the cell-free extracts prepared from heat-injured cells agrees with earlier theories on the denaturation of proteins by heat (30) . The (20) .
In summary, the effects of sublethal heat on S. aureus are a complex set of events. The structural integrity of the membrane is impaired, as evidenced by the sensitivity to salt and leakage of intracellular materials (14, 33) . Other cellular functions are also impaired, as expressed by the extended lag phase (14) , the degradation of rRNA (31) , the decreased catabolism of a variety of substrates, and the altered production of end products. If the heat-injured cells are given adequate time for recovery in a suitable medium, the impaired structural and cellular functions are repaired to such an extent that the injuredrecovered cells can function at a nearly normal rate.
